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ABSTRACT

Reversible, suction based adhesion employed by many marine organisms may provide
unique, adaptable technologies for biologically inspired grasping devices that function in
difficult submerged environments. Here a theoretical framework based on measurable structural,
material, and topological properties is developed to better understand a critical aspect of suction
based attachment strategies: the leakage rate. The utility of the approach is demonstrated on an
experimental apparatus designed to mimic the flow conditions experienced by a suction-based
attachment device. Furthermore, the sealing effectiveness of a remora fish on sharkskin is
investigated as a biological example.

INTRODUCTION

Controlling fluids with proper seal and joint design has long been a topic of interest in
engineering [1], and traditionally creating a proper seal that minimizes leakage requires such
considerations as stiff mating members with smooth finished surfaces and adequate compression
of the gasket material [2]. In natural marine environments, fluid management by the use seals
occurs with the added difficulty that surface topology may be rough and uneven [3, 4]. Despite
these considerations, many organisms are capable of forming robust seals against these
challenging surfaces using their soft tissues and attachment structures without large compressive
loads as part of their reversible attachment strategy. Cephalopods [5, 6], remora (family
Echeneidae) [7], lumpsuckers (family Cyclopteridae) [8, 9], river loaches (family Balitoridae)
[10] and clingfish (family Gobiesocidae) [3, 4] are examples of organisms that accomplish
reversible attachment by sealing off a localized region of sub-ambient pressure between
themselves and a surface. The ability of these organisms to create a seal is critical to their
attachment strategy because without it, the reduced pressure that facilitates the suction-based
attachment force cannot be maintained. In this work, a multi-scale model is implemented to
predict leakage across a soft seal in contact with a rough mating surface based on the surface’s
topology, the mechanical properties of the soft seal, and the rheological properties of the
surrounding fluid. Such a model is useful for analyzing the sealing performance of natural tissues
and structures, but also for seeking manmade materials and designs to mimic the animals’
behavior.

The primary concern in any sealing application is the elimination of flow channels across
the seal where leakage occurs. These channels commonly develop on rough sealing surfaces
from local asperities that form gaps at the interface [11, 12]. Consider the suction pad of a
remora fish (Figure la). By pressing its suction pad against a host, the remora is able to create a
robust suction seal against a multitude of surfaces both natural and artificial including sharks,
rays, other pelagic fish, sea turtles, dolphins, divers, buoys, ship hulls, and concrete [13-20]. The
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perimeter of the suction pad is formed by soft tissue known as the fleshy lip (Figure la and b)
which is responsible for the suction seal [21, 22]. Tissue structures in other organisms have
similar functions including modified pelvic fins of clingfish [3] and lumpsuckers [8], modified
ventral fins of river loaches [10] or sucker arrays in cephalopods [6, 23]. Figure lc shows a
cross-sectional schematic of the remora fleshy lip in contact with a rough substrate. During
attachment as the soft tissue conforms to the attachment site (Figure 1d), sub-ambient pressure
inside the pad causes fluid leakage across the seal [24, 25]. In order to maintain adhesion,
leakage into the pad must be minimized as it ultimately eliminates the pressure difference due to
the finite volume of the organism’s attachment structures (i.e. eventually tissues will be stretched
to their limit as the attachment structure fills with fluid and eventually rendered unable to
maintain sub-ambient pressures).

Ambient Fluid

Sealing

Pressure .
Interface

Fluid
Region

Figure 1. (a, b) Remora (Echeneis naucrates) dorsal suction pad, (¢) macro-scale cross-sectional
schematic of soft tissue and sealing interface, (d) micro-scale schematic of fluid flow through
gaps between soft tissue and rough surface

Although prolonged attachment is beneficial to the remora [19] and other organisms
utilizing suction, previous work has often evaluated attachment structures with respect to the
maximum, near-instantaneous pull-off force the organism can endure without addressing other
aspects of performance such as sealing effectiveness [3, 7, 8]. While the maximum pull-off force
provides vital information as to an organisms’ ability to withstand large disruptive forces, it does
not provide information relevant to other difficult conditions such as long attachment periods to
rough surfaces under low to moderate loads (e.g. potentially arising from fluid drag due to host
locomotion or tidal motions), which may be more commonly encountered [9]. In remora’s case,
long-term attachment is important for maintaining a reliable food source and locating mates [13,
19, 20], and its attachment strength exceeds the drag forces applied during sustained swimming
by an order of magnitude [7, 26]. Detachment of the remora by the host requires extraordinary
effort occasionally observed as erratic body bending or breaching behavior [14, 15, 18]. In such
cases where large disruptive forces are seldom encountered and prolonged attachment is desired,
the effectiveness of the seal and its ability to prevent leakage should be of primary concern.
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In the following analysis, attachment site topology and the mechanical properties relevant
to the soft seal are characterized. These two topics are brought together when formulating the
multi-scaled model for predicting the flow rate across a soft seal. To demonstrate the model’s
effectiveness, an experimental apparatus is presented which measures the flow rate across a
viscoelastic material in contact with a rough mating surface under the influence of a controllable
pressure difference (simulating suction-based attachment conditions). The measured flow rates
are compared to model predictions. Furthermore, the sealing effectiveness of a remora’s suction
pad in contact with sharkskin is investigated using the approach as a specific biological example.

MODELING

Contact Surface Topology

Given the broad range of topologies to which organisms attach, a simplified
representation of the surface topology was sought to capture the most important features with
respect to fluid motion across the sealing interface. Therefore, topology of the contact surface
was reduced to the two component representation as seen in Figure 2a [27]. The characterizing
components of the surface were the root mean square roughness, R,, and upper cutoff
wavelength, /, which when combined with Eq. (1)-(3) (where X, Y, and Z are spatial coordinates
parameterized by u and v) produce a simple cosine surface that preserves the largest peaks and
valleys which form the largest flow channels across the seal. These two parameters were useful
given that they are readily established in surface metrology and they can be obtained directly
from surface power spectrum data [11, 28]. Additionally, the periodic nature of the
representation (e.g. an arbitrarily large surface can be represented by translating the surface by /
in the X and Y directions) facilitated a multi-scaled modeling approach, which is discussed later.
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Figure 2. (a) Simplified contact surface and (b) cross section of unit cell showing solid and fluid
domains

Viscoelastic Seal Properties

Soft materials such as natural tissues or manmade elastomers often exhibit time-
dependent mechanical properties owing to their ability to both store and dissipate energy [29].
To account for this behavior viscoelastic constitutive laws are available, which in the linear case
can be formed by discrete or continuous networks of rheological elements, or by more complex
formulations in the nonlinear case [29, 30]. Here, time-dependent material properties were
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accounted for with a linear viscoelastic constitutive model known as a Maxwell Model that is
seen in Eq. (4), where ¢ is time, G(?) is the relaxation modulus, and Gy, k,, and 7, are fitting
constants. Several studies attest to the suitability of this model to describe natural tissues [21, 31-
36]. To implement Eq. (4) it was necessary to perform mechanical testing and obtain stress/strain
data for the fitting constants.

G(1)=Gy+ S ke @

Multi-Scale Model Description

As discussed previously, the aim of the work is to predict the fluid flow rate across a
sealing interface. The underlying idea behind multiple scale approach was that the microscopic
channels, Figure 1d, created by the interface between the local topology and the soft material
were small enough (less than an order of magnitude) to be considered infinitesimal when
compared to the size of the seal, Figure lc, but still of finite size such that the local
microstructure exits [37, 38]. From this description, there are two length scales to consider, the
local or micro-scale defined by the size of the flow channels, / in Eq. (1) and (2), and the global
or macro-scale defined by the width of the seal, L. Under the assumption that L>>/, the seal was
treated as sequentially solved solid mechanics and fluid dynamics unit cell problems that resulted
in a relationship between seal permeability and deformation of the soft tissue with respect to
local sub-ambient pressure changes [39, 40]. Locally, the sealing interface was discretized into
individual unit cells, Figure 2b, with a prescribed local pressure to first determine the
deformation of the solid and fluid domains. Then a prescribed local pressure gradient was
applied to the deformed geometry to determine its permeability. Knowing the variation of
permeability with respect to pressure, the volumetric flow rate across the seal was obtained with
Darcy’s Law [40].

The solid domain, €2, was governed by Eq. (5)-(7) which represented the viscoelastic
constitutive properties, strain tensor, and quasi-steady conservation of linear and angular
momentum where 7 is the stress tensor, G is the relaxation modulus (Eq. (4), but as a tensor
here), E is the strain tensor, u is the displacement vector, ¢ is time, s is a dummy variable for
integration, and x is the spatial coordinate vector [37]. The superscript T signifies transpose. The
boundary conditions given in Eq. (8)-(9) represented the symmetry of the unit cell with adjacent
cells on surfaces, Ism, and the applied sub-ambient pressure at the fluid-solid interface, [z,
where 7 is the surface unit normal vector and p,,, the prescribed pressure. The displacement of
the fluid-solid interface was limited by a rigid contact surface based on the host topology, as
described in the Contact Surface Topology section, using a penalty factor method [41, 42]. Here
the need to provide continuity between the unit cells demonstrates the reasoning for a periodic
representation of the contact surface. The height, H, of the solid domain was prescribed to be
much greater than the surface roughness, R, such that no deformation of the top surface of
occurred [43].

T(x,t)=JG(t—s)-%f(x,s)ds (5)
E= Y (Vu+(Vu)' +(Va)' (Var)) 6)
V-T=0,T"=T @)
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u-n=0onrl% ®)
T-n= _pavgﬁ on /g, )

The fluid domain, ©2F, was governed by Eq. (10)-(11), which represented steady, laminar,
incompressible flow with v as the velocity vector, p as pressure, u as viscosity, and / is the
identity tensor. The boundary conditions in Eq. (12)-(14) represented “no slip” on the fluid-solid
interfaces [44], I'rs, the prescribed pressure difference (p; - p,) between the cell inlet, I7;, and
outlet, /%,, and symmetry on the remaining surfaces, /., to maintain continuity between
adjacent unit cells (Figure 2b).

Vov=0 (10)

p(v.V)v:V.(_p1+y(Vv+(Vv)T)) (11)
v=0on/, (12)
p;»p,=constantson I ., I, (13)
v-n=0on/l, . (14)

Once the fluid problem was solved, the relationship between the local volumetric flow, ¢,
and the cell’s permeability, K, was calculated from Darcy’s Law as seen in Eq. (15) and (16).

q= _[ v~ﬁdS:%[Mj (15)

rr., l

K -
(Pu) u(p{_pujq (16)

At the macro-scale (length scale of the seal, Figure 1c), Darcy’s Law was again employed
to solve for the volumetric flow rate across the entire seal, Q in Eq. (17), with K now a known
function of pressure where L is the width of the seal and L, is the perimeter of the seal.

_&dl = i T Kd,
ul dx  ulLl n

The model as outlined in the above equations can be solved numerically in commercially

available finite element software. Here solution of the unit cell problems was carried out in

Comsol Multiphysics (Version 4.3a, Stockholm, Sweden) with post-processing in MATLAB
(R2009a, Natick, MA, USA).

amn

MATERIALS AND METHODS

Contact Surface Topology

The contact surfaces studied were water-proof, 240 grit silicon carbide grinding paper
(Allied High Tech Products, Rancho Dominguez, CA, USA) and the denticle surface of a Short
Fin Mako Shark (Isurus oxyrinchus). The roughness, R,, and wavelength, /, components of the
grinding paper were obtained from its the power spectrum as computed by the Fast Fourier
Transform technique in [11] using surface height data obtained from an Olympus LEXT 3D
Material Confocal Microscope (Center Valley, PA, USA). In [21], the parameters for sharkskin
were obtained in the same way where R, and / were found to be 10.5 and 200 pm, respectively.
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Viscoelastic Seal Characterization

For validation, although the multi-scale model was conceived with biological
applications in mind, a commercially available urethane elastomer (ReoFlex 30, Smooth-On Inc.
Easton, PA, USA) rather than natural tissues was employed. This afforded several benefits with
respect to reducing the uncertainty in material properties including guaranteed homogeneity,
reduced dependence on hydration levels, and no confounding due to lack of homeostasis which
are frequently cited as difficulties in working with biological tissues [21, 29, 31-37].
Furthermore, idealized geometries were also easily formed using an engineered material. Both
relaxation test specimens and seals used in the permeability experiments on grinding paper were
constructed by hand-mixing the two part urethane compound and casting the mixture into molds.
The castings were allowed 48 hours to harden such that their full mechanical properties were
obtained. Stress relaxation tests were carried out at room temperature (20°C) in accordance with
[45] on three independently prepared 15 x 3.25 x 130 mm specimens using an ESM301 test
frame equipped with an M5-20 force gauge (Mark-10, Copiague, NY, USA). Eq. (4) was then fit
to the data in a least squared sense.

Characterization of remora fleshy lip tissue has been carried out in [21]. In the study,
tissue was sectioned from the fleshy lip and characterized with compressive, uniaxial dynamic
mechanical analysis (DMA). The Maxwell Model parameters are shown in Table 1. Concerning
the differences in testing methods, broadly speaking, relaxation tests are more suitable for
observing material behavior at long time scales (>10' s) whereas DMA is more convenient for
shorter time scales (10 to 10° s) [30], though there is an appreciable region of overlap.

Model Validation and Simulations

Validation of the interfacial permeability model was carried out using the experimental
setup in Figure 3. The apparatus was designed to measure both the flow rate and sub-ambient
pressure difference across the seal in contact with a rough surface to be comparable with model
predictions. At the base of the device (Figure 3), a custom annular viscoelastic seal (ReoFlex 30
urethane rubber) with a 5x5 mm square cross section (L) and diameter of 45 mm (L, ~14.1 cm)
was bonded to a rigid member using epoxy. The member was adjusted via a threaded connection
and electrical conductivity measurements such that the base of the seal was precisely flush with
the base of the center tubing. This was to ensure that deformation of the seal was only due to
movement of the fluid (water) across the interface and not due to compression of the seal by the
reduced pressure under the member. Once aligned, the base of the center tube and seal were
brought into contact with the rough substrate (240 grit grinding paper) and the vacuum source
was activated along with a peristaltic pump that maintained a constant fluid height (pressure
head) above the substrate. After steady state was achieved the pressure difference across the seal
was measured with an electronic pressure transducer (Cole-Parmer Instrument Company Model
68075, Vernon Hills, IL, USA) and the flow rate was calculated using a graduated cylinder and
stopwatch. The flow rate at several sub-ambient pressure differences spanning 0 to 20 kPa were
obtained by manually adjusting the vacuum source with a pressure regulator. For comparison,
the interfacial permeability model was solved over a sub-ambient pressure range of 1 Pa to 100
kPa using the properties of water at room temperature (20°C) in addition to the measured
material properties of the viscoelastic seal and the topology of the rough substrate.
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Figure 3. Interfacial permeability measurement system

With respect to the remora on shark skin, the interfacial permeability model was solved
over a sub-ambient pressure range of 1 to 300 Pa using the properties of water at room
temperature (20°C). The perimeter of the remora pad was assumed to be 100 mm with a seal
thickness of 3 mm. These values correspond to a remora approximately 19 cm in length as was
observed when attached to a glass slide [21].

RESULTS

Contact Surface Topology

The power spectrum of the rough substrate (240 grit grinding paper) is seen in Figure 4.
The root mean square roughness, R, and cutoff wavelength, /, needed to characterize the surface
in the multi-scaled model were 34.8 and 318 um, respectively. The appropriateness of the cosine
surface is reinforced by the exponential decay of the power spectrum, as from [11] it is known
that the roughness of such surfaces is dominated by the cutoff wavelength as others fall off
rapidly. Also, the ratio of the length of the seal, L (5 mm), to the cut-off wavelength, /, was
approximately 16, meaning that the size of the unit cell was an order of magnitude smaller than
the size of the seal, making the multi-scaled approach possible. These conditions were also
satisfied by the sharkskin with a ratio of L (3 mm) to / (200 pm) of 15.

2537


https://doi.org/10.1557/adv.2016.445
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

Downloaded from https://www.cambridge.org/core. Georgia Institute of Technology, on 10 May 2018 at 21:58:22, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1557/adv.2016.445

18

10

= Power Spectrum
Power Fit

l.
£

107 y=34x7>!
xinpm™

- &
yinum

Surface Power Spectrum (m

Rq =348 um
Cutoff Wavelength - 318um

24

107

3 6

10° 10 10° 10 10’
Spatial Frequency (1/m)
Figure 4. Power spectrum of rough surface (240 grit grinding paper) used in experimental
permeability apparatus

Seal Viscoelastic Properties

The relaxation moduli and resulting Maxwell Material Model parameters are shown in
Figure 5 and Table 1. As expected, the modulus monotonically decreased with increasing time
[30]. The leading order term (Young’s Modulus) of the Maxwell Model was slightly lower than
that expected for a rubber with a 30A Shore durometer (~1 MPa [46]), which was most likely
due to the formation of bubbles resulting from the mixing process. However, the results were
very consistent among independently prepared samples as there was negligible deviation (<5%)
from the values in Table I.
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Figure 5. Relaxation tests on urethane rubber used in experimental permeability apparatus with
accompanying Maxwell Material Model

2538


https://doi.org/10.1557/adv.2016.445
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

Downloaded from https://www.cambridge.org/core. Georgia Institute of Technology, on 10 May 2018 at 21:58:22, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1557/adv.2016.445

Table I. Average Maxwell Model fitting parameters for urethane rubber (ReoFlex 30) and

remora fleshy lip tissue

Material Propert Maxwell Element | Young’s Modulus | Poisson’s
PEIY ™15t [ 2nd | 3rd (kPa) Ratio
Urethane Rubber | & (kPa) | 49.00 | 57.05 | 46.14
(ReoFlex 30) r(s) |197.8]2.175|20.25 2774 0495
. k(Pa) |0.860 | 2.70 | 0.700
Remora Tissue (s) 011 10016 | 0.68 3.980 0.495

Model Results and Validation

An example of the displacement field magnitude resulting from solution of the solid
mechanics unit cell problem is shown in Figure 6b for urethane rubber on grinding paper at 10
kPa sub-ambient pressure. Looking at the deformed configuration, it is possible to see how the
soft rubber was displaced into the rough contact surface, and also how the deformed fluid
domain was obtained from the space between. Figure 6¢ shows the velocity field magnitude
corresponding to solution of the fluid mechanics unit cell problem at 10 kPa sub-ambient
pressure with a prescribed pressure difference of 10 Pa across the unit cell (equal to a pressure
gradient of 3.2x107 kPa/mm). Using the velocity field and Eq. (15) and (16), the permeability of
the deformed cell was calculated at different pressure gradients (Figure 6a). It can be seen that
the local permeability of the deformed cell was constant with respect to the pressure gradient
below approximately 10 kPa/mm, which is a necessary condition for application of the model
(Darcy’s Law).

10° . . . 10
(a) ! = Urethane Rubber on Grinding paper

== == Remora Tissue on Shark Skin

35 pm .
(©
. 107"
-_— () “

0 0

4
)

e

Permeability (mm”)

Permeability (mm

107" : S ; :
10 107 10 10° 10" 107 10° 10°
Pressure Gradient (kPa/mm) Local Sub=Ambient Pressure (kPa)
Figure 6. (a) Cell permeability at 10 kPa sub-ambient pressure vs. pressure gradient; and
corresponding (b) solid domain displacement magnitude and (c¢) fluid domain velocity
magnitude. (d) Permeability of seals vs. local sub-ambient pressure

Repeated solution of the cell problems over a sub-ambient pressure range spanning 1 Pa
to 100 kPa in the urethane rubber case and 1 to 300 Pa in the case of the remora on shark skin
resulted in their respective pressure dependent interfacial permeabilities, K (Figure 6d). In both
cases, at low sub-ambient pressures the permeability achieved its largest value and remained
nearly constant, but as the sub-ambient pressure gradually increased, the permeability began to
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fall rapidly after approximately 1 kPa for the urethane rubber on grinding paper and 30 Pa for the
remora tissue on shark skin. Integration of the permeabilities using Eq. (17) yielded estimates of
the expected flow rates across the seals. The expected flow rate of the urethane seal against
grinding paper for sub-ambient pressure differentials ranging between 0 and 20 kPa is shown in
Figure 7a along with flow rate measurements made on the permeability test apparatus. Similarly,
the expected flow rate into the remora’s dorsal pad during attachment to shark skin at sub-
ambient pressure differentials from 0 to 300 Pa is shown in Figure 7b. In both cases flow rates
increased at a decreasing rate with respect to increasing sub-ambient pressure differences.
Furthermore, in the case of the urethane seal, reasonable agreement was obtained between the
predicted and measured values.
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50 0.015}
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0.01F
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2
it
Z
—

2
20 0.005}

10 w— Simulation
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Sub=Ambient Pressure Differential (kPa) Sub=Ambient Pressure Differential (kPa)
Figure 7. Model simulation results and flow rate tests using experimental permeability apparatus

(a) and model simulation results for remora pad (b)

DISCUSSION

There are several important implications from the model. First, it provides some
explanation as to how a cutaneous mucus layer could significantly improve an organism’s
sealing effectiveness, and, therefore, provide an important contribution to a suction-based
attachment strategy. Many marine animals, including remoras [47], are known to secrete mucus
with unique properties [5, 48]. Looking at Eq. (17) one can see the advantage of a mucus that
increases the viscosity of the surrounding fluid environment, as this reduces fluid flow across the
seal. Measurement of mucus secretions from salmonids (teleost fish, as are remora) has shown
significant increases in viscosity by as much as 5 to 10 times that of clean water [49]. Such
increases in fluid viscosity should have a strong impact on sealing effectiveness. In addition to
viscous effects, Eq. (17) also shows several geometric parameters of the seal that can linearly
alter the flow rate including widening the seal and reducing its perimeter. These too are therefore
important design parameters for suction based devices.

To the extent that material properties play a role in improving the seal, the model
demonstrates the advantage of having softer more conformal tissues at the sealing interface.
Figure 6d shows a dramatic drop in the permeability of the interface at increasing sub-ambient
pressures beyond approximately 1 kPa for the urethane rubber on grinding paper and 30 Pa for
the remora tissue on shark skin. This is a result of the sealing material being drawn into the
rough substrate and restricting flow as seen in Figure 6b. Since deformation of the seal is directly
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proportional to its stiffness from Eq. (5), it follows that the onset of the drop in permeability, and
therefore reduced flow rates over an increased pressure range, will occur at lower sub-ambient
pressures for softer vs. harder sealing materials. This translates into reduced leakage, which
facilitates prolonged suction-based attachment. In practice, a softer contact interface may be
achieved by bonding softer materials to the contact surface, for example.

When considering the bottom-up, multi-scaled approach taken here, one can see how the
model presented is not limited to a particular species in terms of its application. Rather, the basic
geometric, material, fluid, and topological properties of the materials and structures involved
drive the analysis. In turn, this approach could be applied to a variety of organismal or manmade
systems with the appropriate structural, topological, and material properties.

CONCLUSION

In this work, a model of interfacial permeability was presented to estimate the leakage
rate associated with suction based attachment in marine organisms. The model was based on
fundamental material and transport properties of the fluids and structures involved, and also the
attachment site topology and geometry. The effectiveness of the model was demonstrated by
direct measurements on an artificial suction seal and through its application to the remora fish.
Several important factors were identified as crucial to a suction based attachment strategy
including the importance of a cutaneous mucus layer, the roughness of the attachment site, and
the softness of the seal material.
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